Proper phylogenetic reconstruction is crucial for understanding many evolutionary phenomena. In spite of the great success of molecular phylogenetics, DNA signal still may be limited by some intrinsic constraints such as codon usage bias. The phylogenetic relationships between the five species subgroups of the Drosophila saltans group are a good example of conflicting molecular phylogenies drawn from different genes due to an ancestral substitutional shift. Here, forty morphological characters were analyzed using the same set of species used in previous molecular studies, with at least a single representative of each subgroup. The cladistic analysis was in disagreement with most of the previous hypotheses in placing the sturtevanti subgroup as an early branch, whereas the four remaining subgroups form a well supported clade that can be further subdivided into two sister clades: one containing the cordata and the elliptica subgroups, whereas the second includes the parasaltans and the saltans subgroups. The molecular evolution (codon usage bias) of the saltans group were revised in light of the present finding. The analysis highlights the important role of morphology in phylogeny reconstruction and in understanding molecular evolutionary phenomena. 
only be analyzed within a molecular context (Hillis, 1987; Baker & Gatesy, 2002; Scotland et al, 2003; Wortley & Scotland, 2006) . Nonetheless, in spite of its great usefulness, molecular phylogenetics still has many limitations. The first important one is low taxon sampling, as most of museum-preserved or extinct taxa are not suitable for DNA analyses. Furthermore, other limitations can arise from the nucleotide landscape itself, including low number of character states leading to higher level of homoplasy, different mutation rates among sites and degrees of genetic hitchhiking, biased gene conversion and/or to codon usage bias (Lynch, 2007) . This usually results into the conflict between trees drawn from different genes, which mislead the interpretation of species trees from gene trees.
Species of the Drosophila saltans group are a good example to illustrate such molecular conflicts. These are 21 species predominant in the Neotropical region and characterized by their dark color. They form with species of the willistoni group the two major groups of the New World radiation of the subgenus Sophophora. Sturtevant (1942) divided the saltans group into two subgroups based on thoracic ornamentation, but they were later further classified under five subgroups on the basis of male genitalia (Magalhães & Björnberg, 1957 , Magalhães, 1962 : cordata (2 species), elliptica (4 spp.), parasaltans (2 spp.), saltans (7 spp.), and sturtevanti (6 spp.). Throckmorton & Magalhães (1962) proposed the first phylogeny of the subgroups on the basis of their external and internal anatomical comparisons published independently in the same bulletin (Magalhães, 1962; Throckmorton, 1962) . Their phylogeny, which was not built upon a cladistic analysis of their data, showed "an orderly progression from the more primitive cordata and elliptica subgroups, through the sturtevanti and parasaltans subgroups, to the saltans subgroup" (Tab. 1). However, later molecular phylogenetic studies based on different mitochondrial and nuclear genes and using at least one representative species from each subgroup, failed to confirm Throckmorton's hypothesis (Pélandakis & Solignac, 1993; O'Grady et al, 1998; Rodríguez-Trelles et al, 1999a) . Moreover, although all genes highly confirmed the monophyly of the group and the subgroups, different genes gave different topologies concerning the relationships among the subgroups, and even within the most sampled saltans subgroup (O'Grady & Kidwell, 2002) . Tab. 1 summarizes the phylogenetic hypotheses between the subgroups according to different genes.
The low phylogenetic signal in coding nuclear sequences in the saltans group (Adh and Xdh) and their discrepancy with other mitochondrial (COI and COII) and with non-coding nuclear gene (ITS1 and introns of Xdh) may be referred to the characteristic shift in codon bias in New World Sophophorans (Anderson et al, 1993; Powell & Moriyama, 1997; Rodríguez-Trelles et al, 1999b , 2000a Tarrío et al, 2000 Tarrío et al, , 2001 Powell et al, 2003; Singh et al, 2006; Vicario et al, 2007) . If it turns to be a whole genome phenomenon, which is true for D. willistoni (Vicario et al, 2007) , even the future addition of more genes may not increase the signal of nuclear data. Because the relationships among the subgroups appear to be deep, mitochondrial and non-coding nuclear sequences might not be equally adequate. The aim of this study is to try to resolve the phylogenetic ambiguities in the saltans group using only as many as possible morphological characters. O'Grady et al (1998) have already included in their combined analyses eight somatic characters presented in Magalhães (1962) . However, Magalhães & Björnberg (1957) have conducted a comprehensive comparative analysis of male genitalia of the then described species of the saltans group, and Throckmorton (1962) has used the same set of species (14 spp.) to compare the internal anatomy of male and female reproductive systems and egg and pupal morphology. When their data were cladistically analyzed here, a robust phylogeny contradicting previous morphological and molecular ones has been obtained. The molecular evolution of nucleotide composition within the group was then discussed in light of the morphological findings.
Materials and Methods
Among the 21 species of the saltans group, molecular phylogenetic studies only used nine species, with at least a single representative from each subgroup.
To compare the phylogenetic informativeness of molecular sequences to that of morphology, morphological analysis was conducted on the same nine species. D. willistoni was taken as an outgroup. Forty morphological characters were extracted and coded from the descriptive illustrations in the comparative analyses of Magalhães & Björnberg (1957) and Throckmorton (1962) . This has resulted into the data matrix given in Tab. 2. Phylogenetic analysis was conducted using PAUP version 4.0 (Swofford, 2003) . Maximum parsimony cladogram was generated using branch-andbound algorithm. Character optimization was performed using ACCTRAN (accelerated transformation), and the analysis was redone after successively weighting the characters on the initial cladogram. Confidence values for each internal node were assigned after 100 bootstrap iterations. For each character, the consistency index (CI) (Kluge & Farris, 1969) , the retention index (RI) (Farris, 1989a) , the rescaled consistency index (RC) (Farris, 1989b) , and the homoplasy index (HI) were estimated to evaluate the fit of the character to the 50%-bootstrap consensus tree. 
Tab. 2 Species list and character matrix used in this study (see text for character description)

Character conceptualization and coding
Among the 40 sampled characters, three variable characters were parsimoniously uninformative. This has resulted in 36 informative characters for the 10 analyzed species. Characters definition and coding are listed below, along with their fitness measures:
Head: (CI = 1.00, RI = 1.00, RC = 1.00). 6. 6 th sternite pigmentation in female, percent of area occupied by dark mark: 0 = less than one fifth; 1 = more than one fifth (CI = 1.00, RI = 1.00, RC = 1.00).
7. 6 th sternite pigmentation in female, yellow coloration: 0 = absent; 1 = present (CI = 1.00, RI = 1.00, RC = 1.00). Male genitalia: 8. Epandrial ventral lobe, shape: 0 = truncate or lobate; 1 = very prominent (CI = 0.33, RI = 0.00, RC = 0.00). 9. Epandrial ventral margin, horn-like process: 0 = absent; 1 = present (CI = 1.00, RI = 1.00, RC = 1.00). 10. Cercus, shape of medio-dorsal margin: 0 = rounded; 1 = U-shaped (CI = 1.00, RI = 1.00, RC = 1.00). 11. Surstylus, shape: 0 = elongate and curved ventrad; 1 = semi-elliptical (CI = 1.00, RI = 1.00, RC = 1.00). 12. Surstylus, number of prensisetae: 0 = less than 20; 1 = more than 20 (CI = 0.50, RI = 0.75, RC = 0.38). 13. Surstylus, sclerized flap at the anterior region of the interno-lateral margin: 0 = absent; 1 = present (CI = 1.00, RI = 1.00, RC = 1.00). 14. Decasternum, shape: 0 = small and thin; 1 = very large and strongly chitinized (CI = 1.00, RI = 1.00, RC = 1.00). 15. Hypandrium, shape: 0 = small; 1 = elongate; 2 = elongate with anterad restriction (CI = 0.67, RI = 0.67, RC = 0.44). 16. Hypandrium, orientation of lateral gonopods (= posterior parameres): 0 = parallel; 1 = slightly divergent; 2 = highly divergent (CI = 1.00, RI = 1.00, RC = 1.00). 17. Hypandrium, size of lateral gonopods: 0 = large; 1 = medium; 2 = small (CI = 1.00, RI = 1.00, RC = 1.00). 18. Hypandrium, shape of apical margin of lateral gonopods: 0 = concave; 1 = pointed (CI = 1.00, RI = 1.00, RC = 1.00). 19. Hypandrium, length of submedian seta: 0 = short; 1 = very long (CI = 1.00, RI = 1.00, RC = 1.00). 20. Aedeagus, shape: 0 = not cylindrical; 1 = cylindrical (CI = 1.00, RI = 1.00, RC = 1.00). 21. Aedeagus, lateral at dorsal margin: 0 = absent; 1 = present (CI = 1.00, RI = 1.00, RC = 1.00). spherical (CI = 1.00, RI = 1.00, RC = 1.00). 32. Ejaculatory bulb, lateral lobes: 0 = absent; 1 = absent but caecum present; 2 = present with caecum (CI = 1.00, RI = 1.00, RC = 1.00). 33. Ejaculatory bulb, handle of apodeme: 0 = simple blade; 1 = cylindrical, flared apically and with a conical depression at the tip; 2 = triangular, with a slightly flared tip (CI = 1.00, RI = 1.00, RC = 1.00). 34. Testis, number of coils: 0 = 6-9; 1 = 9-12 (CI = 0.50, RI = 0.50, RC = 0.25). Female reproductive system: 35. Spermatheca, base: 0 = telescoped with collar; 1 = with no collar (CI = 1.00, RI = 1.00, RC = 1.00). 36. Spermatheca, apical indentation: 0 = present; 1 = absent (CI = 1.00, RI = 1.00, RC = 1.00). 37. Spermatheca, apical introvert: 0 = present; 1 = absent (CI = 1.00, RI = 1.00, RC = 1.00). 38. Spermatheca, apical inner column: 0 = absent, 1 = present (CI = 0.50, RI = 0.00, RC = 0.00). Pupa: 39. Anterior spiracles, number of branches: 0 = medium; 1 = few; 2 = many (CI = 1.00, RI = 1.00, RC = 1.00).
Larva:
40. Skipping behavior: 0 = absent; 1 = present (CI = 1.00, RI = 1.00, RC = 1.00).
Phylogenetic relationships
The analysis of the morphological characters resulted in a consensus tree of a length of 63 steps shown in Fig. 1 . The positive skewness in the tree length frequency distribution (not shown) indicated the high phylogenetic signal in the characters used. This has been translated in the low homoplasy of the resulting tree (CI = 0.73, RI = 0.82, RC = 0.61), and the high bootstrap values at internal nodes. The sturtevanti subgroup represents the early branch. The remaining subgroups form two sister clades. One clade includes the cordata and the elliptica subgroups, whereas the other includes the parasaltans and the saltans subgroups. Relationships within the saltans subgroup are not well resolved, only D. lusaltans and D. austrosaltans form a well-supported monophyletic clade, that form with the other two species, D. saltans and D. prosaltans a polytome.
Discussion
Phylogeny of the Drosophila saltans species group
The aim of the present work was to provide a morphological phylogeny of the Drosophila saltans group to be compared with its previous conflicting molecular phylogenetic hypotheses. To do so, only species that were used in the previous molecular studies were used here. Indeed, the phylogeny was in disagreement with previous molecular-based phylogenetic hypotheses (Tab. 1). The cladogram differs from the "tentative phylogeny" proposed by Throckmorton & Magalhães (1962) using the same set of morphological characters in placing sturtevanti subgroup as the early offshoot, instead of the cordata-elliptica clade, which here appears as a sister to the parasaltanssaltans clade. In contrast to the maximum parsimony approach followed in this study, Throckmorton & Magalhães (1962) interpreted their phylogenetic relationships in light of subjective weighting of the characters without conducting a cladistic analysis.
The saltans subgroup is a septad of very close species whose branching order has been called "the most difficult systematic issue" by O'Grady et al (1998), as it was completely unresolved using molecular data. This may be attributed to a recent divergence of this subgroup, leading speciation rate to exceed the rate of mutation fixation in different lineages, resulting in a star-like phylogeny (Funk & Omland, 2003) . Moreover, with the exception of D. pseudosaltans, all species of the subgroup show incomplete sexual isolation (Bicudo, 1973a) and sometimes geographical isolates of the same species (Dobzhansky & Streisinger, 1944; Bicudo, 1978) . This may explain why mitochondrial genes tended to cluster sympatric species rather than allopatric populations of some species (O'Grady et al, 1998) , indicating a predominant role of introgression and interspecific hybridization in natural populations of this subgroup. Such high gene flow can also explain the transpacific polymorphism of chromosomal inversions (Bicudo, 1973b) and esterase allozymes (Nascimento & Bicudo, 2002 in the subgroup. In conclusion, multilocus population genetics and comparative morphometrical studies are strongly needed to elucidate the evolutionary relationships within the saltans subgroup.
Molecular evolution
Morphological phylogenies were used to understand biochemical evolution in the saltans group since the earliest investigation (e.g., the evolution of pteridine accumulation, Throckmorton & Magalhães, 1962) , but they have never been used to understand the evolution of DNA sequences in this group. The most striking aspect of molecular evolution within the saltans group is the codon usage bias leading to an increase in the (A+T) content. Indeed, such a selective pattern can bias the molecular phylogenies by itself, and render void the estimation of molecular clocks under neutral models (Cutter, 2008) . Recent whole-genome studies in the genus Drosophila have shown that codon bias differ between subgenera and even between close species (Singh et al, 2006; Vicario et al, 2007) . Powell et al (2003) discussed different evolutionary scenarios, and favored the hypothesis for this pattern to be due to a random shift ("a frozen accident") in relative abundance of isoaccepting tRNAs. For these authors, this shift was relatively old, prior to the split between the willistoni and the saltans group about 20 myr ago, and has been stable for a long time. However, they excluded a scenario of relaxation of selection due to small population sizes and/or bottlenecks due to the old age of the drift. Fig. 2 shows the negative relation between (C+G) and (A+T) contents of the nucleotide landscape of concatenated nuclear genes (Adh and Xdh) at third codon position in the species studied here. Obviously, one can note the high discrepancy between species in their codon usage bias, a discrepancy that still retains a phylogenetic component. For example, the early branching species of the sturtevanti subgroup show the highest (A+T) content, whereas the most derivative species of the saltans subgroup show the lowest.
An interesting observation is that, within each subgroup, insular species (i.e. D. milleri and D. lusaltans) Tab. 3 Summary of conflicting phylogenetic hypotheses within the Drosophila saltans subgroup from previous studies Grady et al (1998) Only species used in the phylogenetic analysis are shown here with the following abbreviations: A = austrosaltans, L = lusaltans, P = prosaltans, S = saltans. reside at the extremity of the whole range, whereas mainland species tend to have more intermediate (A+T) content. If the shift in codon usage was due to random drift as suggested by Powell et al (2003) , one would expect the amplitude of the bias (i.e. the random fixation of isoaccepting tRNAs) to be higher in species with small population size, whereas in species with large population size, selection for optimal codon usage would be more effective (Lynch, 2007) . The phylogenetic component can be explained assuming that the probability of fixation of a certain bias in a species depends mainly on the nucleotide landscape of the ancestor. Indeed, using a maximum likelihood inference of ancestral codon usage bias, Nielsen et al (2007) showed in the Drosophila melanogaster supercomplex that the D. melanogaster lineage has experienced a reduction in the selection for optimal codon usage.
Conclusions and perspectives
There are two major conclusions from this study. First, different morphological phylogenetic hypotheses can be obtained when the characters are analyzed cladistically (like here) or arbitrarily (as in Throckmorton & Magalhães, 1962) . Second, morphology is still a very important source of phylogenetic information, even in groups like the genus Drosophila for which the whole genome sequence of a dozen of species has already been published, and not only for taxa for which DNA can not be obtained. The author does not pretend that the morphological phylogeny presented here is better or more robust than the previous hypotheses based on molecular data. It is only a contribution to highlight that the evolution of a group of taxa can not wholly be understood without the understanding of each aspect of its evolution, from molecular sequences to geographical distribution, through developmental and anatomical characters. The evolution of morphological characters has to be analyzed in light of knowledge of molecular evolution and vice versa, and both have to be related to the historical biogeography of their taxa. Such integrative approaches can be very promising in solving many systematic conflicts.
